In denervated skeletal muscle, mononuclear interstitial cells accumulate in the perisynaptic regions before fibrotic change occurs. These cells are currently considered to be fibroblasts that originate from muscle tissue. However, when we denervated hind limbs of GFP-bone marrow chimeric mice by excising the sciatic nerve unilaterally, many bone marrow-derived cells (BM-DCs) infiltrated the interstitial spaces and accumulated in the perisynaptic regions, peaking 14 days after denervation. They accounted for nearly one-half of the increase in mononuclear interstitial cells. Although BM-DCs did not incorporate into satellite cells, immunohistochemical and FACS analyses revealed that BM-DCs were both CD45 and CD11b positive, indicating that they were of macrophage/ monocyte lineage. BrdU staining showed inactive proliferation of BM-DCs. Reverse transcriptase-polymerase chain reaction of mononuclear cells isolated by FACS revealed that BM-DCs did not express type I collagen or tenascin-C; however, they did express transforming growth factor-␤1, suggesting that they regulate the fibrotic process. In contrast, muscle tissue-derived interstitial cells expressed type I collagen and tenascin-C, suggesting that these populations were the final effectors of fibrosis. These findings identify elementary targets that may regulate the migration, homing, differentiation, and function of BMDCs, leading to amelioration of the excessive fibrosis of denervated skeletal muscle. 
In denervated skeletal muscle, mononuclear interstitial cells accumulate in the perisynaptic regions before fibrotic change occurs. These cells are currently considered to be fibroblasts that originate from muscle tissue. However, when we denervated hind limbs of GFP-bone marrow chimeric mice by excising the sciatic nerve unilaterally, many bone marrow-derived cells (BM-DCs) infiltrated the interstitial spaces and accumulated in the perisynaptic regions, peaking 14 days after denervation. They accounted for nearly one-half of the increase in mononuclear interstitial cells. Although BM-DCs did not incorporate into satellite cells, immunohistochemical and FACS analyses revealed that BM-DCs were both CD45 and CD11b positive, indicating that they were of macrophage/ monocyte lineage. BrdU staining showed inactive proliferation of BM-DCs. Reverse transcriptase-polymerase chain reaction of mononuclear cells isolated by FACS revealed that BM-DCs did not express type I collagen or tenascin-C; however, they did express transforming growth factor-␤1, suggesting that they regulate the fibrotic process. In contrast, muscle tissue-derived interstitial cells expressed type I collagen and tenascin-C, suggesting that these populations were the final effectors of fibrosis. These findings identify elementary targets that may regulate the migration, homing, differentiation, and function of BMDCs, leading to amelioration of the excessive fibrosis of denervated skeletal muscle. Fibrotic change is often observed after subacute or chronic inflammation, and severe fibrosis of a vital organ such as the lung, liver, or kidney is sometimes fatal. Denervated skeletal muscle tissue also exhibits persistent fibrotic change, which is accompanied by muscle fiber atrophy. This fibrosis may obstruct the recovery of atrophied muscle fibers even after reinnervation.
The number of mononuclear interstitial cells increases before fibrotic change in denervated skeletal muscle, 1, 2 but labeling peripheral blood cells with radioisotopes demonstrated that the increased interstitial cells were not derived from the circulatory system. 3 These additional interstitial cells have been identified morphologically by electron microscopy as fibroblasts because they have much rough endoplasmic reticulum in their cytoplasm, actin filaments in their processes, and collagen fibers around them. 4 With the accumulation of interstitial cells in the perisynaptic regions, increased expression of several ECMs such as tenascin-C, fibronectin, neural cell adhesion molecule (N-CAM), and heparan sulfate proteoglycans are observed in denervated skeletal muscle. 5 According to an in vitro study, the accumulating interstitial cells are thought to have produced these ECMs. 6 Despite all of these findings, however, whether these interstitial cells are homogeneous or heterogeneous, their definition or identification by cell surface antigens and their roles in vivo are still unknown.
Recently, the incorporation of bone marrow-derived cells (BM-DCs), including mesenchymal stem cells 7 or side population cells, 8 into regenerating muscle 9 or dystrophic skeletal muscle 10 was noted. Transplantation of bone marrow cells from GFP transgenic mice allowed the identification of BM-DCs in the recipient mice. Participa-tion of BM-DCs was reported not only in the regeneration process, but also in atherosclerotic or fibrotic lesions. [11] [12] [13] These findings suggest that regulating migration, homing, proliferation, or differentiation of BM-DCs might lead to mitigation or prevention of these lesions.
To examine whether BM-DCs are also incorporated into pathological processes in skeletal muscle, we studied the origin of the increased interstitial cells in denervated skeletal muscle by using a bone marrow chimeric animal. Here, using GFP bone marrow chimeric mice, we show for the first time that a considerable proportion of these interstitial cells are bone marrow-derived, ie, they are not of traditional fibroblast lineage but of macrophage/monocyte lineage, and that they are a possible regulator of the muscle tissue-derived interstitial cells that might finally constitute the fibrosis.
Materials and Methods

Animals
C57BL/6J mice (B6 mice) and BALB/c mice were purchased from Nihon CLEA (Tokyo, Japan). C57BL/6J-GFP-transgenic mice 14 were kindly provided by Dr. Okabe (Osaka University, Japan). All procedures used on experimental animals were approved by the Experimental Animal Care and Use Committee at the National Institute of Neuroscience.
BM Chimeric Mice and Denervation
Whole bone marrow cells were collected from humeri, femurs, and tibias of 7-to 8-week-old donor GFP-transgenic mice by aspiration and flushing. Mononuclear cells were refined through 40-m and subsequently 10-m filters and next by centrifugation with Lympholite-M (Cedarlane, Hornby, Ontario, Canada), and then they were diluted to concentrations of 5 to 10 ϫ 10 6 cells in 100 l of phosphate-buffered saline (PBS). Female C57BL/6J mice (7-to 8-week old) were lethally irradiated with 9 Gy (Hitachi Medical Co., Tokyo, Japan) immediately before retro-orbital injection of the donor BM cells under general anesthesia with 0.05 mg/g (body weight) of pentobarbiturate (Nembutal). These mice were given drinking water containing 1 mg/ml of ampicillin for 2 weeks after the transplantation.
Twelve weeks after the transplantation, the left sciatic nerve of the bone marrow recipients was excised for nearly the full length of the thigh (approximately 10 mm) from a small incision (approximately 4 mm) made in the mid-lateral thigh under general anesthesia and a surgical microscope (Olympus, Tokyo, Japan). The mice were sacrificed 1 day (day 1) to 4 months (day 112) after denervation by cervical dislocation under general anesthesia. The left gastrocnemius muscle was excised for analysis. The right gastrocnemius muscle served as the control sample. Bone marrow cells simultaneously collected from the femur were purified and then were analyzed by FACS (FACS VantageSE flow cytometer; Falcon, Franklin Lakes, NJ) to determine the bone marrow chimerism as a percentage of GFP-positive cells.
Immunohistochemistry
Muscle samples were fixed with 4% formaldehyde in PBS for 30 minutes and washed with 10% sucrose in PBS for 6 hours and then with 20% sucrose overnight. The samples were then soaked in OCT compound and frozen in isopentane cooled in liquid nitrogen. Serial cryostat sections (10 m thick) were stained with hematoxylin and eosin (H&E) or immunohistochemically as described below. Sections were washed with PBS for 30 minutes, blocked with 1% bovine serum albumin, and then were reacted with first (37°C, 1 hour) and second (room temperature, 30 minutes) antibodies. Nuclei were stained with TOTO-3 (room temperature, 10 minutes). After staining, the sections were examined under a confocal laserscanning microscope (Leica TCS SP; Leica, Heidelberg, Germany). To count GFP-positive cells, five randomly selected high-power fields of neuromuscular junctionrich and -poor areas were examined.
Western Blotting Analysis
Twenty to 40 cryostat sections of day 28 or day 112 gastrocnemius muscles were dissolved with 4 volumes (w/v) of sample buffer (10% SDS, 70 mmol/L Tris-HCl (pH 6.7), 10 mmol/L EDTA, and 5% ␤-mercaptoethanol), boiled for 5 minutes, and then cooled on ice. The samples were centrifuged by 14,500 rpm for 15 minutes, and then the supernatants were collected. The amounts of harvested protein were determined based on OD 595 using Bradford solution. Equal amounts of protein (30 g each) underwent electrophoresis (200V, 45 minutes) on READYGELS J (7.5%; Bio-Rad, Tokyo, Japan). After semidry blotting was performed (242mA, 1 hour), the membrane was reacted with first (4°C, overnight) and horseradish peroxidase-conjugated second (room temperature, 1 hour) antibodies. The signals were analyzed using Lumi-Imager F1 (Roche Molecular Biochemicals, Tokyo, Japan).
FACS Analysis of Muscle Mononuclear Cells
The visible nerves, blood vessels, and tendons of the whole hind limb muscle of the denervated or intact side were removed with microsurgical forceps under a dissection microscope. Trimmed muscles were minced with scissors and then treated with 0.2% collagenase type 2 under stir for 40 minutes at 37°C. Digested muscles were filtered through a 100-m and subsequently a 40-m filter, and then red blood cells were removed by treatment with 0.8% NH 4 Cl. The mononuclear cells obtained were suspended in 100 l of PBS and reacted with antibodies. The first antibody (on ice, 30 minutes) was allophycocyanin-conjugated anti-CD45, phycoerythrin (PE)-conjugated anti-CD11b, or biotin-conjugated anti-CD44. The second reagent for the biotin-conjugated anti-CD44 antibody was PE-conjugated streptavidine (on ice, 15 minutes). Finally, the samples were washed with PBS, dissolved in 1 ml of PBS with 2% bovine serum albumin, and analyzed by FACS.
BrdU Staining
Mice at day 4 were injected intraperitoneally with 50 g/g body weight of BrdU in 200 l of PBS. Two hours after the injection, 15 the mice were sacrificed by cervical dislocation. Fixation of the muscle sample was the same as that for immunohistochemistry. Cryostat sections (5 m thick) were stained with chicken anti-GFP antibody and subsequently fluorescein isothiocyanate-conjugated antichicken IgG antibody. Next, after fixation of GFP with 2% formaldehyde, DNA was denatured by 2 N HCl and neutralized by 0.1 mol/L sodium 4-borate (pH 8.5). Then, BrdU staining with anti-BrdU antibody and subsequently Alexa Fluor 568-conjugated goat anti-mouse IgG was performed. The sample was examined under a confocal laser microscope.
Apoptotic Cell Detection
Apoptotic cells were detected on cryostat sections using ApopTag R Red In Situ Apoptosis Detecting kit (Chemicon International Inc.) according to manufacturer's instructions. Briefly, cyostat sections were prepared as described in immunohistochemistry section. Next, GFP staining and fixation was performed as described under BrdU Staining. After being postfixed and permeabilized with pre-cooled (Ϫ20°C) mixture of ethanol and acetic acid (2:1), the sections were reacted with digoxigeninlabeled nucleotides under the presence of terminal deoxynucleotidyl transferase. Then, the sections were reacted with rhodamine-conjugated sheep polyclonal antidigoxigenin antibody. Nuclei were stained with TOTO-3. Sections were examined under a confocal laser microscope.
Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)
Three fractions of mononuclear cells, GFP positive, GFP negative/CD44 positive, and GFP negative/CD44 negative, from four day 28 mice were isolated by FACS and diluted in PBS. Total RNA from 1 ϫ 10 4 cells of each population was isolated using RNeasy (Qiagen, Tokyo, Japan) according to the manufacturer's instructions and reverse transcribed using oligo dT primers with a total reaction volume of 30 l. The reverse transcription program was 25°C for 10 minutes, 48°C for 30 minutes, and then 95°C for 5 minutes. Polymerase chain reaction was performed using 3 l of each RT product (cDNA), with a total reaction volume of 20 l. The PCR thermal cycle was 94°C for 3 minutes, then 40 cycles (or 30 cycles for transforming growth factor (TGF)-␤1) of 94°C for 15 seconds, 60°C for 30 seconds, and 72°C for 30 seconds, and finally 72°C for 5 minutes.
The primers for PCR were type I collagen (413-bp product) sense (5Ј-GTGAACCTGGCAAACAAGGT-3Ј) and antisense (5Ј-CTGGAGACCAGAGAAGCCAC-3Ј), MMP-14 (308-bp product) sense (5Ј-ACAAAGATGCCCCCTCAAC-C-3Ј) and antisense (5Ј-GCTTCGTCAAACCAGTGC-3Ј), MMP-3 (391-bp product) sense (5Ј-TTCTCCAGGATCTCT-GAAGGAGAGG-3Ј) and antisense (5Ј-ATTTGGTGGGT-TACCACGAGGACATC-3Ј), tenascin-C (355-bp product) sense (5Ј-GCCTCAACAACTGCTACAATCGTG-3Ј) and antisense (5Ј-TCAGCCCCTGTGAACCCATC-3Ј), ␣-smooth muscle actin (␣-SMA) (240-bp product) sense (5Ј-GAGAAGCCCAGCCAGTCG-3Ј) and antisense (5Ј-CTCTT-GCTCTGGGCTTCA-3Ј), and TGF-␤1 (431-bp product) sense (5Ј-CTAATGGTGGACCGCAACAAC-3Ј) and antisense (5Ј-CGGTTCATGTCATGGATGGTG-3Ј). These primers were obtained from Qiagen. Primers for ␤-actin (540-bp product) were sense (5Ј-GTGGGCCGCTCTAGGCACCAA-3Ј) and antisense (5Ј-CTCTTTGATGTCACGCACGATTTC-3Ј). As positive controls for these primers, RNA samples from 8-week-old mouse mammary gland were used for MMP-3 and from mouse embryo (day 13) were used for the rest. 
Antibodies and Chemicals
Statistical Analysis
Results were expressed as means Ϯ SD. For comparison between any two groups, Welch's t-test was applied based on results of the data analysis by F-test. A P value of less than 0.01 was considered to indicate statistical significance.
Results
Establishment of GFP BM Chimeric Mice
Fifty-three mice received bone marrow transplantation. Of these, 45 mice were sacrificed and analyzed. The mean bone marrow chimerism at the time of sampling was 88.5 Ϯ 7.9%. One mouse died of unknown cause 16 days after the bone marrow transplantation. Five mice were excluded from the study because of scar contraction of the hind limb due to irradiation. Two mice died of deep anesthesia.
Muscle Fiber Atrophy, Increased Interstitial Cells, and Fibrosis in Denervated Muscle
To verify the condition of denervation, the decrease of the diameter of gastrocnemius muscle fibers was examined by analyzing immunohistochemical images. On the denervated side (left), the diameter was significantly decreased 4 days after denervation (day 4; Figure 1 ). Denervation was also ascertained by observation of separate unconnected stumps of the cut sciatic nerve. On H&E stain, an increase in the number of interstitial mononuclear cells was observed from day 4. They accumulated in perisynaptic regions, as reported in the literature. 1, 2 From day 14, progressive fibrosis was detected by H&E staining. Fibrotic change was also examined by immunostaining for type I collagen ( Figure 3, c and d) . Fatty change was not observed in C57BL/6J mice, at least up to 4 months after the denervation (day 112). In contrast, the hind limb muscles of BALB/c mice showed fatty change from 1 month after denervation (day 28; data not shown). This difference in phenotypic expression may be interpreted as the influence of background strain.
BM-DCs Accumulated in the Perisynaptic Region
On day 4, many GFP-positive BM-DCs had entered the denervated (left) gastrocnemius muscle, mainly at the external fascia and perimysium ( Figure 2, a and b) . BMDCs then faded out of these regions from day 7, but at the same time they appeared on the endomysium of each muscle fiber and gradually accumulated in the perisynaptic regions (Figure 3a) . The time course of the appearance of BM-DCs in the perisynaptic region is shown in Figure 4 , a and b. From day 4, BM-DCs significantly increased in the perisynaptic region to reach a maximum around days 14 to 28; thereafter, they gradually decreased. The initial accumulation at the perimysium on day 4 was excluded from this analysis. Distortions in the arrangements and decreases in the number of NMJs were also observed from 2 months after the denervation (day 56) and were more apparent on day 112 (Figure 3b ).
When we compared the high-magnification fluorescent images of BM-DCs with that of H&E staining, BM-DCs accounted for considerable part of the interstitial mononuclear cells (Figure 2, c and d) . Quantitative analysis showed that BM-DCs accounted for around 43% of the interstitial cells on day 4, 41% on day 14, and 39% on day 28, respectively ( Figure 5a ). However, as long as we considered only the shape of these increased interstitial cells, BM-DCs and muscle tissue-derived cells (MT-DCs) were indistinguishable under the microscope, and they were spindle or stellate shaped, as reported in the literature. 4 
BM-DCs Co-Localized with Expression of ECMs
Some fibrosis-related components of ECMs are known to accumulate around the perisynaptic regions of denervated skeletal muscle. 5 We examined whether BM-DCs co-localize with expressions of some components of ECMs. Type I collagen was detected in the perisynaptic regions in which BM-DCs were also accumulated ( Figure  3, c and d) . The accumulation of type I collagen was in accordance with the progressive fibrosis observed in H&E staining. However, immunoblotting analysis showed no evidence that total type I collagen protein had been increased in denervated entire gastrocnemius muscle compared with that of intact side (data not shown). Thus, even if there is increased synthesis of type I collagen in fibrotic lesion in denervated skeletal muscle, degradation of type I collagen may also be involved in the pathogenesis of fibrosis. 17 The expression of tenascin-C, an anti-adhesion molecule, also accompanied the distribution of BM-DCs and appeared in the perisynaptic regions. On day 4, tenascin-C was detected around the invading BM-DCs or MTDCs at the perimysium (Figure 2e) . On day 7, tenascin-C disappeared from the perimysium, and BM-DCs also disappeared. After day 7, tenascin-C was again detected at the perisynaptic regions in which BM-DCs also accumulated (Figure 3e ). This accumulation of tenascin-C might support the idea that tenascin-C appears at sites to which cells migrate, such as development, inflammation, tumorigenesis, and wound healing. 18 However, the expression pattern of tenascin-C was more distinctly restricted to each NMJ than that of type I collagen, especially on day 112 (Figure 3f) . Thus, tenascin-C may initially regulate accumulation of BM-DCs at the perimysium, then in perisynaptic regions, and thereafter control, for example, the dynamic induction of regenerating axons to each NMJ. On the other hand, N-CAM 6 was uniformly distributed at each endomysium from day 4, showing no particular co-localization with BM-DCs (data not shown).
There is a possibility that BM-DCs can differentiate into particular cell lineages. Therefore, we examined several typical lineage markers. ␣-SMA is a marker for myofibroblasts or activated interstitial cells found in inflammatory or chronic lesions. The expression of ␣-SMA was not detected among BM-DCs and MT-DCs (data not shown). Whether BM-DCs incorporate into satellite cells in skeletal muscle is currently controversial. 19, 20 In the present study, GFP-positive satellite cell was not detected in denervated muscle. None of the other lineage markers tested, including CD31 (platelet/endothelium cell adhesion molecule-1) for vascular endothelium, neonatal myosin heavy chain for developing myofibers, and C/EBP-␣ for adipose cells, was detected among those interstitial cells. Thus, BM-DCs were revealed to be negative for some typical lineage markers, although sparing the possibility that they are fibroblasts. 21 GFP-positive BM-DCs were also observed in gastrocnemius muscles of the intact side or bilateral nondenervated muscle (Figure 4, a and b) . Inappropriate homing of hematopoietic or mesenchymal stem cells resulting from peripheral intravenous injection of bone marrow cells may have caused the survival of these cells. These cells may also reflect the existence of migrant, but longterm-resident, muscle interstitial cells. However, significant increase of BM-DCs in the intact side (Figure 4b ) may due to sensitization via denervated leg.
BM-DCs in Denervated Skeletal Muscle Had Monocyte/Macrophage Phenotype
To investigate whether BM-DCs retain a hematopoietic lineage even in denervated skeletal muscle, we tested them for CD45 and CD11b by FACS analysis of total mononuclear cells harvested from whole denervated muscle and by immunohistochemistry of corresponding samples. On FACS analysis, at least up to day 28, the GFP-positive population was revealed to be CD45-and CD11b-positive ( Figure 6, a and b) . These results again showed that BM-DCs have not trans-differentiated into a nonhematopoietic lineage, including fibroblastic, angiogenic, myogenic, adipogenic, or neurogenic lineage, but are fundamentally of monocyte/macrophage lineage.
Next, we tried to define the migrating nature of the increased interstitial cells including BM-DCs and mononuclear MT-DCs by their CD44 expression. CD44 is an adhesive molecule known as an ECM (hyaluronan) receptor 22 that is broadly expressed on the surface of hematopoietic 23 and nonhematopoietic cells of vertebrates. CD44 is involved in lymphocyte homing, macrophage or lymphocyte activation, and tumor metastasis. 24 -26 CD44 connects actin filaments with MMP-14 (membrane type 1-MMP; MT1-MMP), which is a representative of membrane type MMP, 27 or activates proMMP-2 at the forward processes (lamellipodia) of such migrating cells. 28 Put together, we expected the Immunohistochemical analysis of BM-DCs in gastrocnemius muscle 14 days after the denervation. Almost all GFP-positive cells (d to f; green) co-stained with CD45 (h; red) and CD11b (i, red) and therefore revealed a merged expression pattern for these antigens (l and m; merged into yellow). On the other hand, CD44-positive cells (j; red) were GFP positive (f, j, and n; arrows) or GFP negative (f, j, and n; arrowheads). g and k: Serial sections of a neuro-vascular bundle in a gastrocnemius muscle 4 days after denervation stained for CD44 (g; red) or ␣-SMA (k;, red). TOTO-3 (blue) was used for nuclear staining. Scale bars ϭ 40 m.
increased mononuclear interstitial cells migrating to the perisynaptic regions to be CD44 positive whether they were BM-DCs or MT-DCs. Accordingly, CD44-positive mononuclear cells contained both GFP-positive and GFP-negative fractions (Figure 6c , top right and top left fractions, respectively). These fractions were supposed to reflect BM-DCs and mononuclear MT-DCs, respectively.
Immunohistochemical analysis supported those findings. Almost all BM-DCs were CD45 positive up to 2 months after the denervation (day 56; Figure 6 , d, h, and l) and CD11b positive at least up to 4 months after the denervation (day 112) (Figure 6 , e, i, and m, respectively). In addition, almost all interstitial mononuclear cells that might include BM-DCs and mononuclear MT-DCs were positive for CD44 at least up to day 112 ( Figure 6 , f, j, and n).
Observation of the posterior tibial artery revealed that vascular endothelial cells are CD44 negative ( Figure 6 , g and k). However, the tibial nerve trunk contained CD44-positive but GFP-negative cells, which were revealed to be Schwann cells by comparing them with a serial section stained with S-100 protein (Figure 6g ; data not shown). Some of the large GFP-positive cells observed within the nerve trunk in Figure 6g may be macrophages that are involved in phagocytosis of degenerated axons. 15 Combining the mononuclear cell count with the fractional percentile of FACS-gated cells suggested that the denervated (left) gastrocnemius muscle contained around three to four times as many BM-DCs by muscle weight than the nondenervated (right) side (data not shown).
Poor Proliferation Activity of BM-DCs
There is a possibility that the GFP-positive cells observed in the denervated gastrocnemius muscle originated from muscle tissue-derived GFP-positive interstitial cells: longterm residents of skeletal muscle were found in the nondenervated side. In addition, the increase of the GFPpositive cells may depend on their proliferation by dividing or on a constant supply from the circulation system.
To answer these questions, we performed BrdU staining of denervated gastrocnemius muscle on day 4, the time point of the maximum reported proliferation activity of the increased interstitial cells. 
Contribution of Apoptosis to the Decrease in Number of BM-DCs
The gradual decrease in number of BM-DCs in denervated gastrocnemius muscle observed from day 28 may be due to decreased circulating-in, increased re-circulating, or increased apoptotic activity of BM-DCs. To assess the contribution of apoptosis to the decrease in number of BM-DCs, we performed quantitative analysis of apoptotic cells in denervated gastrocnemius muscle. GFP-positive apoptotic cells significantly increased in number from day 56 (P Ͻ 0.01; Figure 5c ). The result suggests that increased apoptotic activity of BM-DCs contributed to the gradual decrease in number of BMDCs in denervated skeletal muscle. Although implication of the increased apoptotic activity of GFP-negative cells (MT-DCs) on day 4 (Figure 5c ) is unclear, apoptotic activity of MT-DCs generally followed that of BM-DCs, indicating cooperative cellular rolls among these populations.
BM-DCs Expressed TGF-␤1
To distinguish the functional roles of BM-DCs and MTDCs, we studied the gene expression patterns of these populations by RT-PCR (Figure 7a ). Denervated skeletal muscle of day 28 mice was chosen because many BMDCs had accumulated in the perisynaptic region at the date. As controls, bilateral intact hind limb muscles of bone marrow chimeric mice were used instead of those of the contra-lateral side of the denervated limb to exclude the possibility of any compensative up-or downregulation of the genes.
In denervated muscle, the CD44-positive MT-DCs, which may reflect muscle tissue-derived mononuclear cells and Schwann cells (as shown in Figure 6g ), mainly expressed type I collagen and tenascin-C, suggesting that this population contains fibroblasts as the main effector of fibrosis (Figure 7a, lane 2) . In contrast, BM-DCs did not express type I collagen or tenascin-C; instead, they dominantly expressed TGF-␤1, a principal growth factor known to promote fibrosis in persistent inflammation or to induce the synthesis of tenascin-C in vitro (Figure 7a, lane 1) . 29 Immunohistochemical analysis showed dominant production of TGF-␤1 protein by a portion of BM-DCs (Figure 7, b to d) . TGF-␤1 expressions by the CD44-positive MT-DCs, which potentially include fibroblasts, were not observed by RT-PCR (Figure 7a, lane 2) or immunohistochemically. However, slight to moderate amplification of TGF-␤1 was detected from MT-DCs when PCR was performed by 40 cycles, in accordance with the common establishment that virtually all fibroblasts express TGF-␤1 (data not shown). Despite being considered to only reflect vascular endothelial cells as shown in Figure 6k and therefore to express no particular molecules studied here, the CD44-negative MT-DCs also expressed type I collagen and tenascin-C (Figure 7a,  lane 3) .
We examined whether MMP-3 (stromelysin-1), one of the soluble MMPs known to breakdown the largest variety of substrates including gelatin, was expressed in the denervated muscle. MMP-3 is known to activate morphogenesis, 30 epithelial-to-mesenchymal conversion, 31 and carcinogenesis 32 of the mammary gland. MMP-3 was clearly detected in the denervated side especially in CD44-negative fraction (Figure 7a, lane 3) . Although MMP-14 is reported to interact with CD44 on migrating cells, 27 less amplification of MMP-14 was detected in denervated muscle than in intact muscle. Further paradoxically, MMP-14 tended to be expressed in CD44-negative fraction (Figure 7a, lanes 3 and 6) .
In MT-DCs of intact muscle, ␣-SMA was mainly expressed by CD44-negative fraction, probably reflecting vascular wall cells (Figure 7a, lane 6) . In denervated muscle, both CD44-positive and -negative fractions showed up-regulation of ␣-SMA. This result may indicate an enhanced myofibroblastic phenotype in MT-DCs due to denervation, although ␣-SMA was not detected well among them immunohistochemically (Figure 7a, lanes 2  and 3) . In denervated muscle, BM-DCs did not express ␣-SMA (Figure 7a, lane 1) . Interestingly, BM-DCs did express ␣-SMA in intact muscle (Figure 7a, lane 4) . Because BM cells were injected intravenously when establishing BM chimera, some of them, especially those that potentially express ␣-SMA, might have inappropriately homed into skeletal muscle. Therefore, such ␣-SMA-positive cells might, if small in number, occupy considerable proportion of BM-DCs in intact muscle, whereas ␣-SMAnegative migrant monocytes/macrophages might account for the majority of BM-DCs in denervated muscle. Thus, ␣-SMA may have been detected from BM-DCs in intact muscle and not in denervated muscle by analyzing the equal number of cells.
On the innervated side, very slight amplification of TGF-␤1 expressed by BM-DCs was observed (Figure 7a , lane 4). Slight to moderate amplifications of type I collagen and tenascin-C were also observed in CD44-positive and -negative populations (Figure 7a, lanes 5 and 6) . These signals may in general reflect the baseline or normal expressions of these genes.
Discussion
In this study, we proved that a great number of BM-DCs accounted for the increased number of interstitial cells in denervated skeletal muscle, in contrast to a previous study, 3 which concluded that the increased interstitial cells were derived from muscle tissue. In the experiment, white blood cell precursors were pre-labeled by repeated injection of titrated thymidine ([ 3 H]TdR) into subcutis of 7-to 10-week-old male albino mice 6 or 2 days before denervation. Determination of the presence of labeled leukocytes in denervated and control muscles was made 3 or 4 days after denervation by scintillation counting of muscle homogenates. As a consequence, incorporation of circulating-in cells into denervated extensor digitorum longus seemed unlikely in their study, although one of their time points of sampling was similar to one of those in our present study (day 4), on which an increased number of BM-DCs was observed. In contrast, bone marrowchimeric animal enabled us to directly label bone marrow cells including mesenchymal stem cells and hematopoietic stem cells, to label peripheral leukocytes sufficiently, and to identify individual labeled cells. Thus, the negative result in the previous study for incorporation of BM-DCs into denervated muscle may be due to technical limitations in labeling peripheral blood cells by radioisotopes or in detecting them.
Although the increased interstitial cells in denervated muscle have been currently identified as fibroblasts by electron microscopy, further intensive comparison of electron-microscopic images with that of the serial GFP fluorescent sections or immuno-electron microscopic study might enable observation of a distinction between BM-DCs and MT-DCs, bringing a novel morphological identification of these populations.
Evidence is emerging that BM-DCs play significant roles in fibrosis of other organs after progressive inflammation or injury. In pulmonary fibrosis, the majority of collagen-producing fibroblasts turned out to be bone marrow derived. 13, 33 In renal fibrosis, about 14% to 15% of fibroblasts were bone marrow-derived, 12 in addition to the bone marrow monocytes that contribute to the growing process of fibrosis by facilitating the epithelialmesenchymal transition. 34 In liver fibrosis, BM-DCs accounted for up to 22.2% of myofibroblasts: cells positive for ␣-SMA and vimentin and negative for CD45. 35 In contrast, our results suggested that BM-DCs in denervated skeletal muscle were of a monocyte/macrophage lineage and therefore were not fibroblasts by definition of lineage-specific cell surface antigen, whereas that MT-DCs might contain fibroblasts. Thus, BM-DCs in denervated muscle were revealed not to differentiate into fibroblasts, as reported in fibrosis of some vital organs, but instead to maintain their monocyte/macrophage lineage. This inconsistency in the role of BM-DCs can be explained by the possibility that the pathology of denervated skeletal muscle is different from that of progressive inflammation in response to tissue injury. The increased interstitial cells in denervated muscle exhibited an anatomically characteristic distribution: they accumulated in perisynaptic regions of the denervated muscle. Interestingly, not only this accumulation but also the increase of interstitial cells itself is absent when the muscle is only immobilized by blocking the motor nerve with tetrodotoxin. 36 In addition, expression of tenascin-C or fibronectin is also undetected in such immobilized muscles. 36 These observations suggest that some signals related to denervation itself trigger the chemotaxis of macrophages to perisynaptic regions. These alterations may include axon degeneration, morphological alterations of Schwann cells around nerve terminals (terminal Schwann cells), and the lack of any substance usually supplied to the NMJ by axonal transport (Figure 8) . One of the candidates for the signal factor may be monocyte chemoattractant protein-1 (MCP-1), a prototype of the CC chemokine. Mitigation of fibrosis by inhibiting monocyte infiltration with an MCP-1-blocking antibody or recently, by genetic intervention in the MCP-1 gene have been described in kidney, 37 lung, 38 and blood vessel. 39 Furthermore , MCP-1 is known to be produced by Schwann cells of denervated peripheral nerves and to induce infiltration by macrophages. 40 In denervated muscle, MCP-1 may be restrictedly expressed by terminal Schwann cells around the perisynaptic region and may attract BM-DCs of macrophage/monocyte lineage ( Figure 8) .
We also showed for the first time the gene expression patterns of increased mononuclear interstitial cells in denervated skeletal muscle after dividing them into BM-DCs and MT-DCs by flow cytometric analysis. In contrast to fibrotic changes in some vital organs, BM-DCs never expressed components of ECMs, including type I collagen, in denervated muscle, whereas MT-DCs can be a main source of these ECMs. Instead, BM-DCs dominantly expressed TGF-␤1, suggesting the regulatory role of BMDCs in the fibrotic process (Figure 8 ). Although cultured fibroblasts isolated from denervated muscle were reported to express tenascin-C, those fibroblasts acquired the potential to produce it. 6 In addition, those "fibroblasts" might have contained other kinds of cells, including BM-DCs.
To determine functions of MT-DCs, we tried to clarify gene expression patterns of mononuclear interstitial cells by analyzing CD44-positive MT-DCs. Although all visible nerves and vessels, as shown in Figure 6 , g and k, were removed before the samples were processed, immunohistochemical analysis suggested that the CD44-positive fraction possibly contained Schwann cells. One possible function of CD44 on Schwann cells is regulation of withdrawal of the myelin sheath from degenerated axons. The other possibility is that CD44 may support the connection of Schwann cells, especially perisynaptic ones (terminal Schwann cells), to muscle fibers at the position of the NMJ before denervation. This possibility may include the idea that Schwann cells also express type I collagen or tenascin-C themselves to hold their positions when denervated (Figure 8 ).
In the denervated side, not only the CD44-positive population but also the CD44-negative population expressed both type I collagen and tenascin-C, although these components of ECMs were more clearly detected in the CD44-positive population than in the CD44-nega- tive population. Thus, the CD44-negative population may contain populations reactive to denervation. These may include muscle spindle cells, smooth muscle cells, vascular pericytes, perineural cells, and satellite cells. Some of these cells may express those components of ECMs or specifically express MMP-3 when denervated.
In conclusion, bone marrow-derived cells are suggested to regulate the pathogenetic process of fibrosis in denervated skeletal muscle. We believe that further investigation of the nature of BM-DCs will provide a novel approach that may lead to establishment of therapeutic amelioration of excessive fibrosis not only of denervated skeletal muscle but also of fatal neuromuscular disorders including amyotrophic lateral sclerosis as well as the latest investigations of fibrosis in other vital organs.
